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Aim: Our aim was to develop a method of migration
analysis using the undisturbed microcirculation of
rat mesentery, and using the new method, analyze
leukocyte migration in casein-induced inflammation.
Method: Sprague Dawley (SD) rats were injected with
tumor necrosis factor (TNF) a, interleukin (IL)-1a,o r
casein intraperitoneally. Following this, the rats were
sacrificed and the mesentery tissue removed was
fixed and stained with Giemsa. The leukocytes were
counted as a rolling index in the venules and as a
migration index in the perivascular area.
Results: There was no relation between the diameter
of venules and leukocyte migration. The time change
curves of leukocyte activity in casein inflammation
show about a 1 h difference between rolling and
migration. From inhibitor experiments of casein-
induced migration at 2 h, it has been suggested that
selectin-related rolling is necessary. Platelet-activat-
ing factor (PAF) also appears partially involved.
Conclusion: The improved undisturbed microcircula-
tion method is helpful not only for rolling analysis
but also in analysis of leukocyte migration. Casein
inflammation analyzed using this method revealed
that rolling is necessary and also suggested that
partial involvement of PAF is necessary for pathogen-
esis of leukocyte extravasations.
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Introduction
It is well known that inflammatory recruitment of
leukocytes is a multi-step process, involving initial
margination in the vessels, rolling and firm adhesion
of leukocytes to the vessel wall, and extravasation.
The rolling step is very important for leukocyte
migration, as it is a prerequisite for leukocyte
extravasation or lymphocyte homing. Leukocyte roll-
ing on the vessel wall is mediated by members of the
selectin family, which are lectin-like Ca
2-dependent
carbohydrate-binding proteins.
1 L-selectin (CD62L) is
constitutively expressed on lymphocytes, and P
selectin (CD62P) and inducible E-selectin (CD62E)
are expressed on endothelial cells.
1,2 P-selectin is
stored in an inactive form in a-granules of platelets
and in the Weibel-Palade body of endothelial cells.
2
In order to study the rolling, adhering and extra-
vasation of leukocytes in detail, dynamic analysis of
leukocyte rolling in rat mesentery venules by intra-
vital microscopy is very useful. However, this method
has some shortcomings, including the occurrence of
trauma-induced leukocyte rolling and the difficulty in
conducting long-term experiments without distur-
bances resulting from the surgical procedures em-
ployed. We have used a combination of methods,
including intravital microscopy and histological
quantitation of intravascular leukocyte concentration,
in the analysis of histamine-induced leukocyte rolling
in rat mesentery venules. Especially the histological
method is a good method under ‘‘undisturbed’’
conditions, such as operation procedure that we
use for observation experiment of the mesentery
venule using intravital microscope. Our findings
suggested the involvement of mast cells in the initial
stage of trauma-induced leukocyte rolling.
3,4
In this paper, we report a newly devised migration
measurement using the histological approach
method. We also analyzed and compared TNFa-
induced leukocyte migration and IL-1a-induced leu-
kocyte migration. Furthermore, we analyzed casein
inflammation, which is a normal form of inflamma-
tion characterized by polymorphonuclear leukocyte
migration.
Materials and methods
Agents
Human recombinant TNF-a and IL-1a were
kindly supplied by Dainippon Pharmaceutical
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33Co. LTD, Osaka, Japan. TCV-309 (3-bromo-5-[N-
phenyl-N-[2-[[2-(1,2,3,4-tetrahydro-2-isoquinolylcar-
bonyloxy)ethyl]carbamoyl]ethyl]carbamoyl]-1-pro-
pylpyidiniumnitrate) was kindly supplied by Takeda
Pharmaceutical Co. LTD, Osaka, Japan. Fucoidin was
purchased from Sigma Chemical Co., St. Louis, MO,
USA. Giemsa stain was obtained from Merck, Darm-
stadt, Germany. Casein and Canada balsam were
from Wako Pure Chemical Co., Osaka, Japan.
Animals
Adult male Sprague Dawley (SD) strain rats (200/250
g, Specific-pathogen free, Japan SLC Co. LTD.,
Hamamatsu, Japan) were used as the source of
mesentery tissue samples. These animals were main-
tained and handled according to the recommenda-
tions of experimental animal committee of National
Food Research Institute and Kitasato University.
Intraperitoneal challenge with TNFa, IL-1a,o r
Casein
SD rats, lightly anaesthetized with ethyl ether, were
challenged i.p. with TNFa or IL-1a dissolved in 5 ml
of sterile saline warmed to 378C, or casein dissolved
in 5 ml of Krebs-Ringer Bicarbonate solution warmed
to 378C. At indicated time points after challenge, the
animals were sacrificed by intracardiac injection of
0.2 ml of undiluted pentobarbital (Nembutal† so-
dium solution, Abbot Laboratories, North Chicago, IL
60064, USA, 60 mg/ml). The subsequent rapid
circulatory arrest was confirmed by palpation prior
to laparotomy for tissue sampling. Systemic treatment
with various drugs was performed as described in the
results section. At the time of tissue sampling, arterial
blood samples were collected from a tail artery for
use in determining systemic polymorphonuclear and
mononuclear leukocyte (PMNL and MNL) counts.
These cell counts were obtained using a Bu ¨rker
chamber after staining (1:10) with Tu ¨rk’s solution
(Wako Pure Chemical Co., Osaka, Japan).
Sampling of mesenteric tissue, histological
procedures, and measurements of intravascular
and tissue leukocytes
Samples of intact mesenteric microvascular networks
were harvested, fixed in paraformaldehyde (2%) and
glutaraldehyde (5%), stained with Giemsa stain
(1:20), dried, and mounted on glass slides with
Canada balsam as described in detail in our previous
paper.
3 Also, the concentrations of PMN and MN
leukocytes in small venules (inner diameter 20/50
mm) were calculated assuming cylindrical vessel
geometry as described in our previous paper.
3
Namely rolling leukocyte count at venule means total
leukocyte counts minus systemic leukocyte counts.
Therefore, the venular leukocyte content was ex-
pressed either as the number of leukocytes per nL of
vessel volume or, more commonly, as the ratio of
venular leukocyte concentration to systemic leuko-
cyte concentration in order to normalize variations in
the systemic leukocyte count (see reference 3, and
results section). Mean values of intravascular leuko-
cyte concentrations for the different groups of
animals were calculated as the mean for 2/6 vessels
per animal. An extravascular leukocyte count was
performed within a perivascular area of small venules
(inner diameter 20/50 mm). Within a square area (200
mm/200 mm) surrounding the venules, infiltrated
PMN leukocytes were counted under microscope at a
magnification of 1000 times.
Statistics
For statistical analysis, one-way ANOVA and Dunnet
multiple tests for 3 or more groups, or Student’s t test
for 2 groups were used. P valuesB/0.05 were
considered significant. All values are expressed as
mean9 /standard error. N represents the number of
animals per group.
Results
Relationship between venule diameter and PMN
migration
The relationship between venule diameter and PMN
migration was obtained on the mesentery prepara-
tion in order to decide which area has to be counted
for proper measurement. In various sites surrounding
the venules of the mesentery, which were 20/50 mm
in diameter, PMNs were counted to clarify the
relation between vessel diameter and migration of
PMNs. The formula of relation curve was y/1.13x /
104.59 R
2/0.0076 (n/15, x: Diameter of venule, y:
PMN migrated). The results indicated that there is no
relation between the diameter of the venule and PMN
migration. Therefore, we randomly selected perivas-
cular sites (20/50mm), in which we counted PMNs, in
order to produce the migration index.
Time changes in migration of PMNs in
inflammation induced by TNFa, IL-1a, and
casein
Using this method, PMN migration was measured in
TNFa, IL-1a, and casein-induced inflammation (Fig.
1A). In TNFa-induced inflammation, peak migration
is at 3 h after injection. In IL-1a-induced inflamma-
tion, the peak of PMN migration was also at 3 h. In
casein-induced inflammation, the first peak in PMN
migration was at 2 h after injection. After that, there
was an increase in PMN migration at 5 h.
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in casein-induced inflammation
In casein inflammation, the venular/systemic leuko-
cyte concentration ratio was measured as an index of
rolling (Fig. 1B). In PMNs, the first peak was 1 h after
the casein injection and a second peak was observed
at 4 h after the injection. On the other hand, the
rolling of MNs increased gradually to peak 5 h after
the casein injection.
Effects of a PAF antagonist and an inhibitor of
selectin on venular/systemic leukocyte
concentration ratio (as a rolling index) in casein
inflammation at 1 h
In casein inflammation at 1 h, effects of the specific
PAF antagonist, TCV 309 (0.1 mg/kg) on leukocyte
rolling were investigated (Fig. 2A). PAF antagonist
TCV 309 and the selectin inhibitor fucoidin were
injected intravenously into a tail vein at the same time
as a casein injection. TCV 309 had no effect on 1 h
PMN rolling, and likewise, no effect on 1 h MN
rolling. On the other hand, the selectin inhibitor
fucoidin had an inhibitory effect on 1 h PMN rolling.
However it did not affect MN rolling.
Effects of an inhibitor of selectin and a PAF
antagonist on PMN migration in TNFa, IL-1a,
and casein-induced inflammation at 2 and 3 h
Effects of the selectin inhibitor and PAF antagonist on
PMN migration were investigated in TNFa, IL-1a, and
casein-induced inflammation (Fig. 2B, 2C, and 2D).
In TNFa inflammation at 3 h after injection, fucoidin
inhibited PMN migration in a dose-dependent man-
ner. TCV (0.1 mg/kg) also inhibited migration. In IL-
1a inflammation, fucoidin (10 mg/kg) inhibited PMN
migration completely. TCV (0.1 mg/kg) also inhibited
the migration completely (Fig. 2C). In casein inflam-
mation at 2 h after injection, fucoidin (1/10 mg/kg)
inhibited PMN migration in a dose-dependent man-
ner. TCV (0.1 mg/kg) also partially inhibited the
migration (Fig. 2D).
Discussion
There are many measurement methods for PMN
migration, the most popular in vitro method is the
Boyden chamber approach. It is also possible to
count migrated PMNs in the inflammatory site, such
as peritoneal cavity, or pleural cavity inflammatory
pouch in vivo. In histological samples, measurement
of myeloperoxidase activity of migrated PMNs in the
tissue is often performed instead of counting them. In
mesenteric inflammation, this is very useful for rolling
measurements because it is easy to detect the venules
and to observe the flow of cells in the venules. We
have designed a new histological method for rolling
measurement.
35 This method is very useful for
observation of leukocyte rolling in undisturbed
microcirculation. Therefore, we applied it to PMN
migration measurement. The method is very con-
venient for relating rolling and migration because it
makes it possible to measure both events in the same
sample.
Using this method, it has become clear that the
time-lag between PMN rolling and migration is about
1 h. Namely, it takes about 1 h to migrate from the
rolling situation. The histological method has many
advantages. One of them is that it is the undisturbed
method without surgery-induced trauma in local site.
It is very interesting that it is possible to see pure
reaction of stimulants in vivo using the method.
In Fig. 1B, Poly means mainly PMN rolling in
mesentery venule and Mono means monocyte and
lymphocyte rolling. Rolling of PMN increased in the
acute inflammation (0/5 h). On the other hand,
rolling of mononuclear leukocytes increased gradu-
FIG. 1. Time changes of PMNs Migration induced by TNFa,
IL-1a, and 1% casein in mesentary of rats (A), and time
changes of venular/systemic concentration ratio (as rolling
index) of PMNs and MNs induced by 1% casein in rats (B).
Values were expressed by means9 /standard error.
Analysis of rolling and migration in rat mesentery
Mediators of Inflammation Vol 13  2004 35ally. In generally, firstly PMNs were recruited to
inflammatory site, and secondly mononuclear leuko-
cytes were recruited, finally lymphocytes migrate at
the inflammatory site. Therefore it seems that the
rolling change of Mono mainly rolling of mono-
nuclear leukocytes. There were no relation between
Poly and Mono rolling in acute casein inflammation.
It was clear that these cells did independently do
rolling on the mesentery venule.
It is thought that PAF or IL-8 activate leukocyte
during rolling or firm adhesion, and attract them to
the extravascular area.
6 Therefore, they are very
important for extravascular migration of leukocytes.
There are some reports about this involvement of PAF
in leukocyte (especially eosinophil) migration.
79
However these are mostly culture cell experiments
using human umbilical vascular endothelial cells and
leukocytes in vitro. We elucidated the PAF action on
migration of PMNs in casein inflammation using the
selective PAF antagonist, TCV-309. TCV 309 is a
selective PAF antagonist, which is very useful for
revealing PAF involvement in vivo and in vitro. Some
papers have suggested that PAF is particularly in-
volved in eosinophil migration.
7,8 Another paper
states that it is involved in leukocyte migration.
9
Fucoidin is a potent inhibitor of the selectin-induced
reaction in vessels, especially rolling and adhesion on
the venule wall.
10 [R1]Sometimes fucoidin is used to
elucidate rolling. The results from fucoidin experi-
ments confirm that PMN rolling must occur in the
venule wall in order to produce PMN migration .
PAF can sometimes activate PMN migration, H2O2
production, and activate lung tissue to release
arachidonic acid products.
11,12 These reports indicate
that it is a leukocyte activator. However from results
of inhibitory experiments (Fig. 2), TCV309 did not
affect PMN rolling. It is therefore suggested that PAF
is not involved in PMN rolling. One report claims that
PAF is involved in leukocyte adhesion.
13 That is to
say, PAF increases shear rate-dependent leukocyte
adhesion. However, there are no reports suggesting
direct dependence on PAF-induced rolling on leuko-
cyte migration.
TNFa induced PMN migration was partially inhib-
ited by administration of TCV-309 (0.1 mg/kg). On
the other hand, IL-1a-induced PMN migration was
FIG. 2. Effects of PAF antagonist and selectin inhibitor on venular/systemic concentration ratio (as a rolling index) casein
induced inﬂammation in peritoneal cavity (A) and PMNs Migration in peritoneal inﬂammation of rats induced by TNFa (B), IL-
1a (C), and 1% casein (D). Effects of PAF antagonist and selectin inhibitor on venular/systemic concentration ratio (as rolling
index) in peritoneal inﬂammation induced by 1% casein were observed at 1 h after injection (A). PMN Migration induced TNFa
and IL-1a were observed at 3 h injection. PMN Migration induced 1% casein was observed at 2 h injection. Values were
expressed by means9 /standard error. N.S. means no signiﬁcant against control group. *: pB/0.05 vs Control group.
**: pB/0.01 vs Control group.
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TCV-309. These results suggest that TNFa-induced
PMN migration involves not only PAF but also other
factors. They also suggest that PAF is very important
in IL-1a-induced PMN migration. It is well known that
TNFa rapidly induces ICAM-1 on endothelial cell
surfaces or eosinophil cell surfaces which is required
for leukocyte migration.
14,15 Young et al reported on
the divergent action mechanism between TNFa and
IL-1b in leukocyte transmigration.
16 From these
reports, it can be speculated that the mechanisms of
these cytokines are different though they have the
same effect on leukocyte migration.
These compounds (PAF antagonist and selectin
inhibitor) were used for surveying involvement of
PAF and selectin against PMN migration. The results
suggest that PAF and selectin involvements are
necessary for PMN migration at the mesentery area.
In TNFa-induced mesentery inflammation, PAF par-
tially involves in PMN migration. On the other hand,
PAF-induced PMN migration is necessary for PMN
extravasation after rolling. Whereas in casein-induced
mesentery inflammation PAF partially involved in
PMN migration, it seems similar to TNF-induced
mesentery inflammation. From the results, it is
suggest that casein induce mesentery inflammation
via TNFa production.
In casein inflammation, PMN migration was shown
to be of the TNF a type as opposed to the IL-1a type,
by the fact that the PAF antagonist, TCV, had only a
partial effect on PMN migration. Antagonist experi-
ments in casein inflammation show that PAF and
other factors, such as IL-8, are involved in PMN
migration in the mesentery.
The improved undisturbed microcirculation
method is very useful for not only rolling analysis
but also analysis of leukocyte migration. Casein
inflammation was analyzed using this method, re-
vealing that rolling is necessary and also suggesting
that partial involvement of PAF is necessary for
pathogenesis of leukocyte extravasation.
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